Structure of nanoscale-pitch helical phases: blue phase and twist-bend nematic phase resolved by resonant soft X-ray scattering † Periodic structures of phases with orientational order of molecules but homogenous electron density distribution: a short pitch cholesteric phase, blue phase and twist-bend nematic phase, were probed by resonant soft X-ray scattering (RSoXS) at the carbon K-edge. The theoretical model shows that in the case of a simple heliconical nematic structure, two resonant signals corresponding to the full and half pitch band should be present, while only the full pitch band is observed experimentally. This suggests that the twist-bend nematic phase has a complex structure with a double-helix built of two interlocked, shifted helices. We confirm that the helical pitch in the twist-bend nematic phase is in a 10 nm range for both the chiral and achiral materials. We also show that the symmetry of the blue phase can be unambiguously determined through a resonant enhancement of the X-ray diffraction signals, by including polarization effects, which are found to be an important indicator in phase structure determination.
Nanostructured soft materials with hierarchical organization have recently attracted a lot of attention in both fundamental and application-based research; the examples of such systems can be found among liquid crystals, gels or structured polymers. The advantage of the chemical diversity of such materials, ranging from low weight molecules to polymers and nanoparticles, is that it enables intelligent material design by tuning of a particular material functional property, such as the electronic or optical energy band gap, polar or magnetic order, etc. Some of these materials may exhibit helical structures or helical morphology; the 'classical' examples of such systems are DNA and peptides, in which the helical arrangement of molecules is induced by the chirality of the molecular building blocks. A variety of helical structures formed by low weight molecules can be found among liquid crystals; 1 chiral mesogenic molecules can self-assemble into helical nematic or smectic phases, in which molecules uniformly twist, or into a blue phase, a threedimensional, nanoscale cubic phase formed of double twist cylinders, where each cylinder has an internal, nanoscale helical structure. 1 Less frequent are examples of achiral mesogens (bent-core, dimers, etc.) that exhibit nanoscale helical structures: 2 filaments made either from soft crystal layers [3] [4] [5] or smectic membranes, 6 as well as a helioconical nematic phase with an ultra-short, nanoscale helical pitch. [7] [8] [9] [10] [11] [12] [13] [14] These materials have recently attracted a lot of attention due to the rich physical phenomena related to spontaneous symmetry breaking. However, the origin of helix formation in achiral materials is still up for debate, partially due to a limited number of in situ, experimental probes of orientational order at submicron scale. For some soft matter phases, the orientational order of molecules is coupled to density modulations and, therefore, their structure can be revealed by standard X-ray diffraction, but the phases with a uniform electron density, such as nematic or blue phases, cannot be distinguished by this technique. The method that is sensitive to the spatial variation of the orientation of molecules at the nanoscale is resonant X-ray scattering, which has so far mainly been operated at the absorption edges of bromine, selenium and sulfur for studying the smectic C subphases to determine their secondary structure induced by the molecular orientation.
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Here, we demonstrate that RSoXS in combination with theoretical modelling can be used to reveal a 3D structure of phases with uniform electron density and periodically modulated orientational order. Furthermore, we show that polarization analysis is very important in removing the remaining structural degeneracy. We apply the method to the blue phase (BP), 22 chiral nematic (N*) and twist-bend nematic (N TB ). The structure of all these phases ( Fig. 1 ) is helical and the twist originates either from molecular chirality (N* and BP) or is caused by a unique, bent molecular geometry (N TB ). The N* phase has a single twisted helical structure, with the average direction of the long molecular axes (director) lying in the direction perpendicular to the helix axis. The generally accepted model for the N TB phase is a single, uniform helix with the director precessing around the helix axis at some angle y. For the bent molecules, the non-helical splaybend nematic (N SB ) phase was also predicted, 23, 24 in which modulation of the long molecular axis direction is constrained to the plane; however, so far, no clear experimental evidence for the N SB phase has been provided. In blue phases, the twist is induced in every direction perpendicular to the director, resulting in the so called double twist (DT) cylinder. Such DT cylinders cannot continuously fill the space, thus a 3D network of defects is formed with either the body centred (BPI, I4 1 32 symmetry) or simple cubic (BPII, P4 2 32 symmetry) structure. With elastic X-ray scattering, only diffused signals related to the short-range positional order are detected in all these phases. For the BP or N* phases having their helical pitch in the visible or near IR wavelength range, optical methods are used to determine the structure parameters. Here, we provide a direct, effective and general approach that can be applied to structures with periodicities below the optical wavelength, to which neither optical nor classical X-ray diffraction techniques are sensitive. By RSoXS, information about the molecular orientational order with periodicities of the order of a few to hundreds of nanometers can easily be obtained. We performed RSoXS measurements for a chiral SB3
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material showing a N*-N TB phase sequence and a chiral AZO7 14, 25 compound showing a BP-N TB phase sequence on cooling and a N TB -N*-BP phase sequence on heating (Fig. 2) . The results were compared to those obtained for the achiral CB7CB dimeric compound, which is a model N TB material showing a N-N TB phase sequence. [8] [9] [10] [11] 13 When the chiral material, AZO7, is cooled from the isotropic phase, several RSoXS signals are obtained that can be indexed to the cubic structure (Fig. 3) . On further cooling, the signals related to the cubic lattice disappear and a single peak corresponding to a much shorter periodicity appears, signifying a transition to the N TB phase. The position of the signal in the N TB phase is temperature dependent: on cooling, the periodicity reduces from 20.3 to 13.3 nm (see ESI, † Fig. S15 ). Interestingly, on subsequent heating, the sample undergoes a transition from the N TB to the N* phase, in which only one signal, corresponding to the half pitch band, is observed at 110 nm (Fig. 3) . On further heating, the BP phase is observed only in a narrow temperature range of few degrees, close to the isotropic phase. Apparently, for this material, the BP phase is thermodynamically stable close to the clearing temperature but can easily be supercooled, similar to that observed previously for other dimeric materials. 2 Molecular structure of the studied compounds AZO7, SB3 and CB7CB. For each compound, the phase sequence and phase transition temperature (1C) determined by differential scanning calorimetry (DSC) on heating scans are given. Note that for AZO7, a narrow range of a blue phase between the N* and Iso phase was found by microscopy observations; however, it was not recorded on the DSC curves due to limited resolution. Upon cooling the AZO7 samples, the blue phase was metastable down to the transition to the N TB phase and thus the cholesteric phase was not observed.
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Such a phase sequence enables a direct comparison between the cholesteric pitch and the size of the unit cell of the BP phase. Assuming that the helical pitch at the transition from the cholesteric to the BP phase does not change significantly, the unit cell size in the BPI phase (I4 1 32 symmetry) should correspond to the full pitch length (L) in the N* phase and to the half pitch length (L/2) in the BPII phase (P4 2 32 symmetry) (see Fig. 1 ). Because the first signal in the BP phase of AZO7 appears at a lower value of q than in the N* phase, the observed blue phase must have I4 1 32 symmetry (BPI). From the position of the main signals observed in the RSoXS pattern of the cubic phase (peaks (110), (002) and (211)), the crystallographic lattice parameter (a) is obtained: a = 201 nm. Except for the (002) peak, the observed peaks are allowed by the symmetry, and they are thus resonantly enhanced. A comparison of the position of the purely resonant (002) signal in the BP phase and the half pitch band signal in the N* phase confirms that, within experimental error, the pitch in the BP phase does not change at the phase transition. In both the BPI and N* phase, the azimuthal position of the signals was strongly sensitive to the polarization of the incoming beam ( Fig. 4b and c) .
For the SB3 material, on cooling, the resonant peak corresponding to the half pitch band (L/2 E 112 nm) is detected in the N* phase temperature range (Fig. S10, ESI †) . Upon the transition to the N TB phase, the signal corresponding to 11 nm develops. Interestingly, the periodicity detected by the RSoXS experiment in the N TB phase is much smaller than the one measured by the atomic force microscopy (AFM) method, where a fingerprint texture with lines separated by 50-80 nm was observed. 25 The short pitch periodic structure detected by the resonant X-ray method is in line with a large compressibility modulus measured previously. 25 Despite many efforts, the long periodicity detected by the AFM measurements (see ESI, † Fig. S13 ) was not observed by the RSoXS method. It is not obvious, at the moment, what caused the large periodicity structure detected by AFM, but one possibility is that the surface free samples, studied by AFM, have an additional structure induced by chirality, and the surfaces cause its destabilization when a thin cell (B0.5 mm thick) is used in the X-ray studies reported here. The RSoXS measurements were also repeated for CB7CB, the model N TB material. 27 For this compound the resonant peak was also found in the crystal phase: the signal corresponding to the periodicity of 7.8 nm gives the full size of the crystallographic unit cell and corresponds roughly to three molecular distances. Such a signal is forbidden for the P3 1 21 symmetry (the crystal structure was resolved for the CB9CB homologue 28 ) and is thus not observed in the elastic diffraction experiments. The melting of the crystal and the transition to the N TB phase is associated with a sudden jump of the peak position Interestingly, the scattering patterns of the N* and BP phases show strong intensity anisotropy, but that of the N TB phase does not. To fully understand the resonant X-ray diffraction pattern, one has to calculate the dispersion correction to the structure factor, which is proportional to the Fourier transform of the spatially dependent structure polarizability. 32, 33 We obtained the dispersion correction for the LC phases, as shown in Fig. 1 , and found the scattered intensity as a function of the polarization direction of the incident beam and biaxiality of the X-ray susceptibility. Details of the calculations are given in the ESI; † here, we give only the main results. In the N* phase, only the half pitch peak at 2q 0 is expected, where q 0 = 2p/L is the magnitude of the wave vector of the helical structure and L is the helical pitch. In the N* phase, the 2q 0 signal intensity is very sensitive to polarization of the incident X-ray beam, as expected, because the beam with the electric field polarized perpendicular to the helix detects the highest contrast in the director modulation, while the beam polarized along the helix axis detects the uniform structure of the short molecular axes. As a result, for a powder sample in which the helix axis directions are randomly distributed in space, a 2D scattering pattern exhibits anisotropy for the linearly polarized incident X-ray beam. Two complementary parts of the diffraction ring are predicted in the diffraction pattern, if the polarization of the incident beam is rotated by 90 deg. For the N TB and N SB phases, the model predicts two signals, at q 0 and 2q 0 . Interestingly, the q 0 and 2q 0 signals have a different sensitivity to the polarization of the X-ray beam; the q 0 signal is invariant to the polarization direction while for the 2q 0 signal in the N TB phase, the dependence is similar to the one observed in the N* phase (ESI, † Fig. S3 ). Experimentally, only one peak has been found in the N TB phase, which shows no intensity anisotropy, suggesting that the peak is the q 0 signal, corresponding to a 360 deg rotation of the molecular director around the helical axis. It should be pointed out that for all of the N TB materials studied so far, the signal corresponding to a half pitch band (2q 0 ) has not been detected. Previous RSoXS experiments at the carbon K-edge on CB7CB, 27 as well as measurements performed using X-ray scattering at the selenium K-edge, 34 also
show a systematic lack of the 2q 0 signal in the N TB phase. When analysing the reasons for the lack of the 2q 0 signal, let us first point out that the intensity of the 2q 0 peak can be much lower than the intensity of the q 0 peak, as shown by the theoretical calculations in the ESI. † The ratio of the intensities of these two peaks depends on the ratio of the eigenvalues of the anisotropic part of the molecular polarizability. If this ratio is close to 1, the intensity of the 2q 0 peak can be negligibly small (see Fig. S4b in the ESI †). However, based on the measurements performed in the blue phase of a material that also exhibited the N TB phase (AZO7), the ratio between the eigenvalues seemed to be significantly different from 1, and in this material, the intensity of the 2q 0 peak in the N TB phase should be comparable to the intensity of the q 0 peak. Other possible reasons for the suppression of the 2q 0 peak are thermal fluctuations (the Debye-Waller effect), self-absorption and a finite correlation length for helical modulations. If we assume that the amplitude of the thermally induced displacement of helical pitch is lower than 10% of the pitch length, the decrease in intensity of the 2q 0 peak compared to the q 0 peak would not be more than approximately 30%. Selfabsorption in a thin cell and at this angle range would reduce the signal intensity proportionally to the increased optical path length, i.e., by a few %. The effect of the limited correlation length can be excluded as the width of the q 0 signal is comparable to the machine resolution, denoting a long-range order. Because of the systematic lack of the 2q 0 peak in all the materials studied so far, 27, 34 we thus propose a more fundamental reason for the absence of the 2q 0 signal. We suggest that the structure is actually made of two interlocked helices, which are mutually shifted (Fig. 5) . The calculations show that the 2q 0 peak is cancelled out for the shift between helices equal to L/4. The shift can be induced by short-range interactions of dimers that favour a local intercalated arrangement of the neighbouring molecules, 29 which seems to be quite common for dimeric molecules. 34 The tendency for the formation of interlocked helices is probably general for bent dimers, as the crystal structure of the CB9CB homologue 28 is also formed of interlocked and shifted helices, which are made of two types of slightly different molecular conformers. Very recently, a duplex double-helical molecular chain was proposed as a building motif of the N TB phase by the Boulder group. 35 For the blue phases formed of double twist cylinders, we calculated the positions of the elastic diffraction peaks by building up the structure from infinitely long cylinders. The Fourier transform of the cubic lattice filled with cylinders of a finite width and uniform density formally gives (hkl) diffraction signals if at least one of the Miller indices, h, k or l, is zero (ESI, † Table S1 ). However, because the cylinders are in contact, the density of the unit cell is practically uniform and none of these peaks is observed in the elastic scattering. If the electron density in the defect regions between the cylinders is different than in the cylinders (Fig. 1) , the signals allowed by the P4 2 32 (BPII) or I4 1 32 (BPI) symmetry should be detected. In practice, none of these signals is found by elastic X-ray scattering, confirming that the electron density difference between the cylinders and defect regions is negligible. In order to include the resonant effects, the dispersion correction was calculated due to the helical spatial variation of the director in the direction perpendicular to the cylinder axis and by arranging the cylinders into a proper cubic lattice (Fig. 1) . We show that some signals allowed by the symmetry of the BP phases, but not detectable by elastic X-ray diffraction, become visible in resonant X-ray diffraction due to their enhancement by orientation modulations (Table 1) . Additionally, purely resonant signals: (001) for P4 2 32 and (002) for I4 1 32, are predicted.
In the BPI phase, the intensities of all the signals are sensitive to the polarization of the incident X-ray beam. For a powder sample, the two most intensive signals, (110) and (002), have the same polarization dependence as the half pitch band signal in the N* phase and the complementary parts of the diffraction rings are predicted for the incident beams polarized in perpendicular directions. The polarization dependence of the (211) signal is defined by the biaxiality of the susceptibility. For strongly biaxial molecules, such as bent dimers, the dependence is similar to that observed for the (110) and (002) signals.
Conclusions
We have shown that comparison between the RSoXS signals in the blue phases and N* phase enables a straightforward determination of the type of the blue phase. We have also shown that the modulation pitch in the N TB phase is of the same order of magnitude for both chiral and achiral materials. However, the structure of the twist-bend nematic phase seems to be more complex than commonly accepted. The theoretical model shows that, in the case of the heliconical structure, RSoXS signals corresponding to the full and half pitch band should both be present and they should have a very different polarization dependence. Experimentally, only one signal was found, with the intensity independent of the beam polarization; it was thus unambiguously identified as the full pitch band. The lack of the half pitch band strongly suggests that the N TB structure is made of two interlocked and shifted helices.
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